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A B S T R A C T   
Regional inequality has caused large social and economic problems in China. Numerous researchers have sought 
to understand the status of economic inequality in the past decades. However, studies are lacking on other as-
pects of regional inequality, particularly when multiple facets must be considered. In this study, we have 
innovatively proposed a Pareto law-based method that can help assess multiple dimensions of regional inequality 
simultaneously. With this approach, we can rank multiple aspects of inequality and provide robust, reasonable 
goals for different groups of administrative districts. The proposed approach was successfully implemented by 
using Chinese data for 2015 and 2016, a period during which China was experiencing both severe PM2:5 
pollution and economic regional inequality. The results indicate that (1) Shanghai and Shenzhen represent the 
optimal condition of economic development; (2) different from the spatial distribution of economic inequality 
alone, inequality was higher in central China for both economic development and PM2:5 air quality; (3) in the 
context of severe economic inequality in China, the tradeoff between economic development and air quality will 
result in a relatively equitable condition. In addition, the proposed method is open-ended and can be extended to 
incorporate more aspects of regional inequality. This approach appears to possess substantial potential for 
integration into decision-making regarding regional inequality.   
1. Introduction 
Regional inequality refers to an imbalance between regions or be-
tween different locations within the same region. Substantial concern 
regarding regional inequality has been expressed by the public, gov-
ernment and academia in the past decades because regional inequality is 
strongly related to the mortality rate (Kawachi et al., 1997) and may 
threaten national unity and social stability (Liao and Wei, 2012). To 
date, the most widely cited regional inequality studies focus on eco-
nomic issues (He et al., 2016; He et al., 2017; Zhang et al., 2018; Song 
et al., 2019). In addition to economic inequality, regional inequalities in 
education resources, urban expansion, and energy have been widely 
examined (Wei et al., 2017; Yong, 2017; Liu and Ma, 2018; Su et al., 
2018). 
However, few researchers have investigated the regional inequality 
of air pollution in China despite a large number of studies having been 
performed on its spatial distribution (Gehrig and Buchmann, 2003; 
Gomi�s�cek et al., 2004; Bell et al., 2006; Jin et al., 2017; Zhan et al., 
2017), trends (Shi et al., 2018), driving factors (Guan et al., 2014) and 
population exposure (Heo et al., 2013; Hao and Liu, 2015). As one of the 
most concerning forms of air pollution, high concentrations of particu-
late matter with particle diameters smaller than 2.5 μm ( ​ PM2:5) have 
caused heavy haze pollution (Fontes et al., 2017) and related health 
issues (Roy et al., 2012; Fontes et al., 2017) in China over the past de-
cades. Therefore, the study of regional inequality with respect to PM2:5 
air pollution is meaningful and of critical importance for the government 
when making related decisions and can help the public determine their 
employment locations, given China is a country in which a large amount 
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of domestic migration occurs (Rawski, 2007; Willmore et al., 2012). 
A strong positive relation has been noted between PM2:5 air pollution 
and economic development in China. Many studies have found that 
rapid economic development has occurred at the long-term environ-
mental expense of increased ​ PM2:5 air pollution. For example, Lu et al. 
(2017) found that except for Taiwan low PM2:5 concentration areas were 
primarily located in economically undeveloped regions in China. Simi-
larly, Wang et al. (2017) performed an econometric analysis that found a 
positive correlation between PM2:5 concentrations and a combination of 
secondary industry and population density. In addition, Han et al. 
(2015) noted that metropolitan cities in China with high economic 
development were susceptible to high concentrations of PM2:5, finding 
that urban PM2:5 concentrations in 85 Chinese cities were greater than 
those in the surrounding area. In this context, residents in different re-
gions should be interested in regional inequality as reflected in both 
economic development and PM2:5 air pollution. In a nation in which a 
large amount of domestic migration occurs, understanding or awareness 
of imbalances in PM2:5 air pollution and economic development among 
various regions would help the labor force select employment locations. 
Additionally, it could help the government identify regional imbalances 
with respect to the different levels of economic development and PM2:5 
air pollution thus guiding the mitigation of such imbalances or 
inequality among these regions. 
It is difficult to calculate the degree of inequality when considering 
two aspects or objectives particularly when these aspects or objectives 
are conflicting. The weighted-sum method (WSM) is the most commonly 
used means to evaluate the goodness of more than one aspect or 
objective. However, the WSM has several shortcomings: (1) the WSM 
requires a priori knowledge of the relative importance of the objectives; 
(2) different weights may result in different inequality results. To 
address the shortcomings of WSM in scoring targets with more than one 
objective, a new method based on the Pareto law is proposed to calculate 
the goodness, or the score, of targets, based on which the inequality can 
be measured accordingly. The Pareto law adopts Pareto solutions as 
optimal solutions, whereby Pareto solutions implies that an improve-
ment in one objective must be achieved at the expense of at least one of 
the other objectives (Steuer, 1989; Miettinen, 1999; Gabriel et al., 
2006). This approach was first proposed by Vilfredo Pareto (Lopreato, 
1965) and has been widely used in economic efficiency and income 
distribution analysis (Aydiner et al., 2019). Now it has subsequently 
been used to address multiobjective optimization problems (Balling, 
2000; Ngatchou et al., 2005; Huang et al., 2008; Huang et al., 2013). 
Because of the approach’s capability in seeking optimal solutions for 
multiobjective problems, we attempted to use the Pareto law to detect 
accessible optimal conditions for Chinese cities and provinces consid-
ering both PM2:5 air pollution and economic development. Then, we 
measured the regional inequality based on the distance to accessible 
optimal conditions. PM2:5 concentrations measured at the stations of the 
National Air Quality Monitoring Network and GDP values at the pre-
fectural level obtained from a statistical yearbook were used to reflect 
PM2:5 air pollution and economic development, respectively. 
In summary, it is essential to describe regional inequality from the 
perspectives of PM2:5 air pollution and economic development. Given 
the difficulties of using the WSM, inequality in air pollution and eco-
nomic development was calculated based on the Pareto law. The 
remainder of this paper is organized as follows. In the second section, 
the source and monitored characteristics of PM2:5 concentrations and 
the GDP values at the prefectural level are presented. In the third sec-
tion, the method used to calculate inequality, i.e., the Gini coefficient, 
based on the Pareto law, is introduced in a detailed manner. In the final 
two sections, the results of spatial inequality from the perspectives of 
PM2:5 air pollution and economic development are analyzed, and the 
spatial inequalities calculated by the WSM and the Pareto law are 
compared and discussed. 
2. Data sources 
In January 2013, the Chinese government implemented a national 
ambient air quality monitoring network for mainland China termed the 
National Air Quality Monitoring Network. Hourly concentrations for 
pollutants recorded at monitoring stations can be downloaded from the 
website of the China National Environmental Monitoring Center at 
http://113.108.142.147:20035/emcpublish/. In 2015, 2016, there were 
more than 1400 monitoring stations. In this study, the hourly PM2:5 
concentrations (μg=m3) were retrieved from these national monitoring 
stations for mainland China; such data have been widely used in air 
quality research in China (Xu et al., 2017; Zhan et al., 2017). The annual 
mean PM2:5 concentrations for specific cities were measured as the 
average value of hourly PM2:5 concentrations monitored by stations 
located in the city in the year. The spatial distributions of annual mean 
PM2:5 concentrations at the prefectural level in 2015 and 2016 are 
presented in Fig. 1 (a) and (b). 
The statistical GDP value was used to indicate spatial economic 
development. Specifically, GDP values at the prefectural level in 2015 
and 2016 were obtained from national statistical yearbook of China and 
prefectural statistical yearbooks in 2016 and 2017, which was down-
loaded from https://www.cnki.net/. The spatial distribution of GDP 
value (in 10 Billion yuan) at the prefectural level in 2015 and 2016 is 
presented in Fig. 1 (c) and (d). 
3. Methods 
In this section, the definitions of Pareto rank and straight Pareto front 
(SPF) are introduced. The SPF is considered the accessible optimal 
condition for cities. Then, the inequality index calculation based on the 
Pareto law is presented. 
3.1. Detection of the pareto rank and the straight pareto front 
3.1.1. Detection of the pareto rank 
According to the definition of the Pareto solution (Huang et al., 2008; 
Cao et al., 2011; Huang et al., 2013), all the solutions can be ranked by 
the following process. This study is only concerned with maximization 
problems, and minimization problems can be transformed into maxi-
mization problems by taking the reciprocal or negative of the objectives.  
a Before ranking the solutions, attributions or objectives should be 
normalized. For cities with GDP values and annual average con-
centrations of PM2:5, the attributions should be normalized by 
Equations (1) and (2) and converted to maximization objectives. 
NorPMx¼
maxðPMÞ   PMx
maxðPMÞ   minðPMÞ
(1)  
NorGDPx¼
GDPx   minðGDPÞ
maxðGDPÞ   minðGDPÞ
(2)  
where ​ NorPMx is the normalized annual mean PM2:5 concentration for 
the x-th city (or the x-th solution), and maxðPMÞ and minðPMÞ are the 
maximum and minimum PM2:5 concentrations for all cities, respectively. 
Equation (1) transforms the minimization objective into a maximization 
objective. Thus, a high NorPM value indicates low annual mean PM2:5 
concentrations and good PM2:5 air quality. NorGDPx is the normalized 
GDP value for the x-th city (or the x-th solution), and maxðGDPÞ and 
minðGDPÞ are the maximum and minimum GDP for all cities, respec-
tively. A high NorGDP value indicates high economic development.  
b Detecting the Pareto solutions. According to the definition of the 
Pareto law, Pareto solutions are a set of solutions such that no 
member of the set is dominated by any other member. A solution x is 
said to dominate another solution x’ if and only if 
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Fig. 1. Spatial distribution of the annual mean PM2:5 concentrations (a) in 2015 and (b) in 2016; spatial distribution of GDP value at the prefecture level (c) in 2015 
and (d) in 2016. 
Fig. 2. Illustration of the SPF and the distance to Oline from one specific solution x.  
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fiðxÞ� fiðx’Þ 8i ¼ 1;…; k and fiðxÞ > fiðx’Þ for some i (3)  
where i is the i-th maximization objective, and k is the number of 
maximization objectives. The process of detecting Pareto solutions or 
nondominated solutions has been well presented in the literature (Duh 
and Brown, 2007). In our study, k is 2, which indicates NorPM and 
NorGDP, respectively. The x indicates the specific solution x or city x, 
and x’ indicates any one solution or any one city.  
c After identifying the Pareto solutions in a set of solutions, all the 
Pareto solutions in the population are assigned rank 1 and tempo-
rarily removed from the population.  
d For the remaining solutions, a new set of Pareto solutions are 
assigned rank 2, and so forth, until no more solutions can be 
removed. Finally, all solutions will have been assigned a rank. 
In this study, the assigned ranks are referred to as Pareto ranks. 
According to the definition, a solution with a lower Pareto rank will 
dominate solutions with a higher Pareto rank. Next, the Pareto rank is 
used to sort cities and calculate inequality with respect to PM2:5 air 
quality and economic development. 
3.1.2. Detection of the straight pareto front and accessible optimal 
conditions 
The SPF is straight front of convex Pareto solutions. If there are n 
convex Pareto solutions, the SPF consists of line1;2, line2;3, …, linen  1;n 
(Fig. 2). Any point on the SPF is a Pareto solution in the population. In 
this study, the SPF can be thought of as the optimal condition for cities. A 
specific city x would choose linem  1;m as its goal only if 
dðx; ​ linem  1;mÞ� d
 
x; linej  1;j
�
8j ¼ 1; 2; …; n (4)  
where dðx; ​ linem  1;mÞ the distance from city x to linem  1;m. This equa-
tion indicates city x can develop the optimal condition proposed by 
​ linem  1;m because linem  1;m is the closest optimal condition for city x. 
Then, we move linem  1;m across to origin (0, 0), which is termed 
Olinem  1;m. The score, or the goodness, of city x can be thought of as the 
distance from city x to Olinem  1;m, as shown in Equation (5). 
Yx¼ dðx; ​ Olinem  1;mÞ (5)  
where Yx is the score, or the goodness, of city x based on the optimal 
condition proposed by Pareto solution m   1 and Pareto solution m. 
Fig. 2 illustrates the SPF and the distance from one solution to Oline. 
3.2. Calculation of inequality for samples with more than one attribution 
In this section, first, the Gini coefficient is defined. The Gini coeffi-
cient is a classic means to calculate inequality when only one attribution 
is concerned. Then, the WSM and our proposed method are presented as 
a means to calculate the Gini coefficient when there are two attributions. 
3.2.1. Definition of the gini coefficient 
The classic inequality index, the Gini coefficient (Bendel et al., 
1989), is used in this study to indicate the inequality for cities with 
respect to PM2:5 air quality and economic development. Specifically, the 
distance to Oline is defined as the score, Y in Equation (6), for cities, and 
the Gini coefficient is calculated based on the distance. 
G¼
1
2n2u
Xn
j¼1
Xn
i¼1
�
�Yj   Yi
�
� (6)  
where G denotes the Gini coefficient; n is the sample size (i.e., number of 
individuals; in our case, n is the number of cities); u is the average value 
of the study parameter; and 
�
�Yj   Yi
�
� is the absolute value of the differ-
ence between individuals (Chaudhuri and Roy, 2017). The Gini coeffi-
cient aims to obtain a holistic overview of spatial inequality and ranges 
from 0 (perfect equality) to 1 (perfect inequality) (Wagstaff et al., 1991). 
3.2.2. Calculation of the gini coefficient with two attributions 
The classic Gini coefficient only concerns one attribution for sam-
ples, as shown in Equation (6). For samples with more than one attri-
bution, the WSM is typically used to convert the multiple attributions to 
one score to evaluate the goodness of the samples (Equation (7)). 
Yx¼NorPMx*w1 þ NorGDPx*w2 (7)  
where Yx is the combined attribution for the x-th sample or the x-th city, 
and w1 and w2 are the weights for NorPMx and NorGDPx, respectively. 
In our study, based on the optimal condition, dðx; ​ Olinem  1;mÞ is 
used as Yx in Equation (6) to calculate the Gini coefficient rather than 
the WSM. We set the point as x (or the x-th city), with two objectives y1 
and y2 as (x1, x2). We assume the optimal condition for the x-th city is 
linej  1;j, which is written as w1�y1þ w2*y2 ¼ cv. Then, Olinej  1;j is 
written as w1�y1þ w2*y2 ¼ 0. The Gini coefficient based on Yx ¼ dðx;
​ Olinej  1;jÞ is equal to the Gini coefficient based on Yx calculated by the 
WSM with w1 and w2 as weights for objective y1 and y2, respectively. 
The distance to w1�y1þ w2*y2 ¼ 0, which is used as Yx, can be 
calculated as follows: 
d¼ sinθ � c ¼
sinθ � cv
w1
(8)  
where c is the intercept at x-axis of line w1�y1þw2*y2 ¼ cv, and c ¼ cvw1 
when y2 ¼ 0. θ is the intersection angle of line w1�y1þ w2*y2 ¼ 0 and 
the x-axis (Fig. 3). Equations (9) and (10) prove that the Gini coefficient 
calculated by cv and d are equal. Equation (9) is the function of calcu-
lating the Gini coefficient by cv, termed Gc. Equation (10) shows the 
process used to prove that the Gini coefficient calculated by the distance 
to the line of w1�xþw2*y ¼ 0 (Gd) is equal to Gc. The derivation process 
is also presented in Fig. 3. 
Gc¼
1
2n2
P
cvi
n
Xn
j¼1
Xn
i¼1
�
�cvj   cvi
�
� (9)  
Fig. 3. Illustration of distance from point (x1, x2) on line w1*y1 þ w2*y2 ¼ cv 
to line w1*y1 þ w2*y2 ¼ 0. 
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Gd ¼
1
2n2
P
di
n
Xn
j¼1
Xn
i¼1
�
�dj   di
�
�
​ ​ ​ ​ ​ ¼
1
2n2
P sinθ
w1
*ci
n
Xn
j¼1
Xn
i¼1
�
�
�
�
sinθ
w1
*cvj  
sinθ
w1
*cvi
�
�
�
�
​ ​ ​ ​ ¼ 1
2n2
sinθ
w1
*
�X
cvi
�
n
sinθ
w1
*
�Xn
j¼1
Xn
i¼1
�
�cvj   cvi
�
�
�
¼
1
2n2
P
cvi
n
Xn
j¼1
Xn
i¼1
�
�cvj   cvi
�
�
¼ Gc
(10) 
Compared to the WSM, the proposed method has several advantages 
for inequality measurements when considering more than one objective. 
(1) There is no need to determine the weights for the objectives. When 
the accessible optimal condition for one specific solution x is determined 
as linej  1;j, the corresponding weights of the two objectives when 
calculating the score of x are known based on the slope(s) of linej  1;j. (2) 
The proposed method avoids instability or uncertainty compared to the 
WSM. Different weights based on the WSM will result in varying Gini 
coefficient values, while the result-based the proposed method is 
consistent. (3) The proposed method can provide accessible and 
reasonable goal(s) or conditions for cities. The SPF is the optimal front 
determined by attributions of a variety of cities, and the SPF can be 
viewed as the goal(s) for cities, which are more meaningful and 
reasonable than that of the WSM. 
4. Results 
4.1. Pareto ranks of cities and the optimal condition in China 
The Pareto ranks for cities in 2015 and 2016 are scattered in Fig. 4(a) 
and (b), respectively, and the scatter plots of the cities are colored ac-
cording to Pareto rank. There were 9 cities in 2015 (including Shanghai, 
Guangzhou, Shenzhen, Huizhou, Maoming, Heze, Hanzhong, Lincang, 
and Shihezi) and 10 cities in 2016 (including, Shanghai, Guangzhou, 
Shenzhen, Quanzhou, Zhanjiang, Zhuhai, Longyan, Nanping, Haikou, 
and Sanya) that acted as Pareto solutions and dominated other cities. 
Specifically, these cities dominated other cities in terms of PM2:5 air 
quality and economic development. This outcome means that there was 
no other city that could simultaneously maintain a larger GDP value and 
higher air quality than the these cities . For example, Beijing maintained 
a relatively high GDP value (2301.5 billion yuan and 2489.9 billion 
yuan in 2015 and 2016, respectively), which was the second-highest 
among all the cities. However, according to the definition of the Par-
eto solution, Beijing was not a Pareto solution because it was dominated 
by Shanghai in both economic development and PM2:5 air quality. 
An SPF with a convex Pareto solution for the entire country was also 
detected. Without doubt, Shanghai, Shenzhen and one other city with 
the best PM2:5 air quality composed the SPF in both 2015 and 2016. In 
2015, Shanghai and Shenzhen delineated the first line of the SPF, 
written as 0.67y1þ0.33y2 ¼ 0.78; Shenzhen and Shihezi created the 
second line of the SPF, written as 0.86y1þ0.14y2 ¼ 0.83. These out-
comes suggest there were two sets of optimal conditions in China in 
2015, and the coefficients for x and y were the weights for NorPM and 
NorGDP, respectively. The first line of accessible optimal goal main-
tained a larger weight on GDP than that of the second line, with the 
weights of GDP changing from 0.33 to 0.14. That is, the first line 
delineated by Shanghai and Shenzhen reflects an optimal condition 
primarily with respect to economic development, while the second line 
reflects the optimal condition primarily with respect to PM2:5 air quality. 
Regarding the SPF, cities can determine their potential and acces-
sible optimal condition and set it as a goal. In addition, the distances 
from cities to the corresponding Oline were considered as the score 
when the accessible optimal condition was adopted as the benchmark. 
For example, in 2015, Guangzhou (see the magnified hotspot area in 
Fig. 4(a)) is closer to the line delineated by Shanghai and Shenzhen than 
the line delineated by Shenzhen and Shihezi. Subsequently, the condi-
tion of the line delineated by Shanghai and Shenzhen was set as the 
corresponding accessible optimal goal for Guangzhou. In terms of the 
goal set by the SPF, the score of Guangzhou was reflected by the distance 
to the corresponding Oline (Fig. 4 (a)). 
To clarify the results, the spatial distributions of the Pareto rank for 
cities in 2015 and 2016 are presented in Fig. 5 (a) and (b), and an 
obvious regional distribution appears for both years. First, the cities that 
acted as optimal solutions with the best ranks tended to be located in 
coastal areas of China. Thus, these cities in China’s coastal areas 
dominated other cities in terms of economic development or PM2:5 air 
quality. An obvious cluster of cities with the worst performance can be 
noted in central China (see marked circle in Fig. 5). This cluster probably 
occurred because of the severe PM2:5 air pollution in central China; 
additionally, the cluster’s economic development was dominated by 
coastal cities, such as Shanghai and Guangzhou. 
Second, we found that in central China, an optimal city with a low 
high rank was typically surrounded by cities with low ranks. For 
example, Wuhan (see the marked city in Fig. 5 (a) and (b)) ranked 5th 
and 3rd in 2015 and 2016, respectively, because of its higher GDP values. 
However, the cities around Wuhan only maintained relatively worse 
Pareto ranks because their GDP values were relatively low, and they 
simultaneously suffered from PM2:5 air pollution similar to that of 
Fig. 4. Pareto ranks, SPF and distance to Oline for cities (a) in 2015 and (b) in 2016.  
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Wuhan. It was common in central China that the cities with better Pareto 
ranks were surrounded by cities with worse Pareto ranks. This pattern 
occurred because in central China the PM2:5 air quality of cities in one 
province were similar to a certain degree, while the differences in eco-
nomic development for cities in one province were large. 
In sum, the Pareto solutions for all China were detected by the Pareto 
law, and the national accessible optimal goals for all cities were iden-
tified. When examining the spatial distribution of Pareto ranks for cities, 
obviously, cities located in coastal areas tended to dominate central 
cities, and the spatial heterogeneity of the cities in terms of Pareto ranks 
in central China was large. 
4.2. Inequality analysis for provinces 
The Gini coefficients were calculated for provinces. Two types of Gini 
coefficient were measured, one based on distances to Oline and the other 
based on scores calculated by the WSM. In the WSM, three pairs of 
weights (w1, w2), where w1 was the weight for PM2:5 air quality and w2 
was the weight for GDP, were selected for score calculation: (0.5, 0.5) 
for WSM1, (0.1, 0.9) for WSM2 and (0.9, 0.1) for WSM3. The top 10 
inequitable provinces in 2015 are listed in Table 1. When WSM2 and 
WSM3 were used, a completely different ranking was found. Based on 
WSM2, Guangdong, Jiangsu, Hubei were the top 3 inequitable prov-
inces, whereas based on WSM3, Hebei, Xinjiang and Shandong were the 
top 3 inequitable provinces. Obviously, WSM2 primarily focuses on 
inequality in terms of economic development (with a weight of 0.9 for 
economic development), while WSM3 primarily focuses on inequality in 
terms of PM2:5 air quality (with a weight of 0.9 for PM2:5 air quality). 
When analyzing the results of Gini coefficients for the distance to Oline, 
inequality in both economic development and PM2:5 air quality are 
considered. The Gini coefficients based on distances to Oline were 
similar to the Gini coefficients based on WSM1. According to the results 
based on distances to Oline, Hebei, Qinghai, Xinjiang and Shandong 
were the top 4 inequitable provinces. According to the comparison, we 
found that the Gini coefficients calculated by the distance to Oline were 
stable, whereas the Gini coefficients based on the WSM varied sub-
stantially. A detailed analysis was performed, as described in the 
following. 
Four provinces, Guangdong, Hebei, Hubei, and Zhejiang, were cho-
sen for detailed comparison to determine the differences between Gini 
coefficients calculated based on WSM scores and distances to Oline in 
2015 (Fig. 6). In our case, a higher weight on GDP resulted in a higher 
Gini coefficient. For example, for Guangdong, the Gini coefficient was as 
high as 0.321 with a GDP weight of 0.9, while the Gini coefficient 
decreased to 0.024 when the GDP weight was 0.1. The outcome was the 
same for other cities, which suggests that the inequality in economic 
development is more serious than that of PM2:5 air quality for cities in 
China, which was consistent with previous studies (Liao and Wei, 2012; 
He et al., 2016; He et al., 2017; Zhang et al., 2018). 
Different from the Gini coefficient based on the WSM, the Gini co-
efficient calculated by distance to Olin was much more robust. The value 
of the Gini coefficient varied as the weights changed when the WSM was 
used. In contrast, the Gini coefficient by Oline was robust and stable. In 
addition, it was usually smaller than the Gini coefficient based on WSM2 
and WSM3. For example, the inequality calculated based on WSM2 and 
WSM3 for Hebei was 0.179 and 0.155, respectively, while the Gini co-
efficient by Oline was only 0.153. This result indicates that the regional 
inequality when considering two objectives, economic development and 
PM2:5air quality, was lower than that when considering single objective. 
This difference is probably due to the tradeoff between these two ob-
jectives, which suggests that cities undergoing rapid economic devel-
opment tend to suffer from severe air pollution, and vice versa. The 
conflict between economic development and air quality resulted a more 
equitable condition for residents with respect to choosing their 
Fig. 5. Spatial distribution of Pareto ranks for cities (a) in 2015 and (b) in 2016.  
Table 1 
Top 10 inequitable provinces by different methods in 2015.  
Order Name Gini by Oline Name Gini by WSM1 Name Gini by WSM2 Name Gini by WSM3 
1 Hebei 0.153 Hebei 0.130 Guangdong 0.321 Hebei 0.155 
2 Qinghai 0.152 Xinjiang 0.126 Jiangsu 0.270 Xinjiang 0.131 
3 Xinjiang 0.131 Shandong 0.119 Hubei 0.264 Shandong 0.117 
e Shandong 0.116 Jiangsu 0.086 Anhui 0.256 Henan 0.073 
5 Henan 0.072 Guangdong 0.082 Zhejiang 0.228 Sichuan 0.064 
6 Sichuan 0.063 Henan 0.073 Liaoning 0.220 Fujian 0.059 
7 Fujian 0.057 Hubei 0.068 Shandong 0.198 Shanxi 0.052 
8 Shanxi 0.052 Sichuan 0.067 Hunan 0.189 Heilongjiang 0.047 
9 Heilongjiang 0.046 Anhui 0.063 Jilin 0.180 Anhui 0.039 
10 Anhui 0.039 Shanxi 0.061 Hebei 0.179 Guizhou 0.039  
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employment location to a certain extent. In addition, the SFP defined the 
accessible optimal conditions for cities and made the results explainable. 
For Guangdong and Zhejiang, there were two lines that formed the SPF, 
while for Hebei and Hubei, merely one line delineated the correspond-
ing SPF. Two lines suggests two accessible optimal conditions. For 
Guangzhou, one accessible optimal goal was set by Guangzhou and 
Shenzhen, which provided an accessible condition with prior economic 
development and was written as 0.52* ​ NorPMþ 0.48*NorGDP  ¼ 0.73. 
It was apparently difficult and unrealistic for other cities with lower GDP 
values to reach this optimal condition. However, Shenzhen and Heyuan 
set a second accessible optimal goal, which may be approachable for 
most cities in Guangzhou. The second optimal line in Guangdong 
expressed an accessible condition with the prior PM2:5 air quality. For 
Hebei, the SPF consisted of only one line, which suggested there was 
only one accessible optimal goal for the cities in Hebei to proceed 
towards. 
After demonstrating the novelty and value of the proposed method in 
this research, the spatial distributions of the Gini coefficients calculated 
using WSM2 and WSM3 and the proposed method for all of China at the 
provincial level are presented in Fig. 7. Based on WSM2, Guangdong 
province and several other provinces with higher economic develop-
ment suffered from severe inequality. Based on WSM3, severe inequality 
occurred in Hebei and Shandong. The results for WSM2 and WSM3 tend 
to reflect regional inequality in economic development and PM2:5 air 
quality, respectively. According to the Gini coefficient calculated by our 
proposed method, severe inequality occurred in central China crossing 
from the east to the west. This outcome indicates that in these provinces 
the difference in PM2:5 air quality was small and that the differences in 
economic development would result in high inequality. For other 
provinces, even if the differences in GDP were relatively high, the 
tradeoff between economic development and PM2:5 air quality was 
obvious, which would result in lower inequality among the cities in 
these provinces. 
5. Discussion and conclusions 
Regional inequality has caused many problems and has multiple 
dimensions in China. Numerous researchers have endeavored to un-
derstand inequality from different perspectives and to address related 
issues. However, the mostly widely discussed aspect has been economic 
inequality. In addition to economic inequality, the public, government 
and academia have also focused on other dimensions of inequality, such 
as education resource allocation, energy, and air quality. However, most 
of this interest has centered on single aspects of inequality, which is not 
a sufficiently comprehensive approach. Other researchers have consid-
ered more than one aspect of inequality but only in studies based on the 
WSM, which is problematic because the WSM requires knowledge of 
prior weights and the mechanism of instability. 
In this research, we have innovatively proposed and developed a 
Pareto law-based assessment method that can help assess multiple di-
mensions of regional inequality simultaneously, for example, economic 
development and air quality. Our method can be used to rank multiple 
aspects of regional inequality for different scales of administrative dis-
trict, such as provinces and cities, and to provide robust and reasonable 
goals for different groups of administrative districts. The proposed 
method is capable of seeking accessible optimal conditions based on the 
performance of the entire research area. Specifically, in 2015 and 2016, 
based on PM2:5 air quality and economic development, Shanghai, 
Shenzhen and one other city with the highest air quality delineated the 
optimal conditions, which can be set as national goals for all other cities. 
The scores for cities were determined according to the distance to the 
optimal condition. Compared to the WSM, inequality measured by the 
method proposed in this research avoided unknown prior weights and 
calculated the Gini coefficient by referring to optimal conditions. Thus, 
our results are relatively more robust and explainable. Since the optimal 
condition was established by existing cities, it is reasonable to score all 
other cities based on the existing optimal condition since it is accessible. 
In sum, the inequality calculation method based on the Pareto law is 
capable of solving inequality calculation problems that concern multiple 
aspects. 
In China, high economic inequality has drawn substantial attention 
(He et al., 2016; Zhang et al., 2018). Our results are consistent with the 
conclusions of previous studies, and high economic inequality has been 
found in Guangdong (Liao and Wei, 2012) and Jiangsu (Ou and Gu, 
2004) (Table 1 and Fig. 7) by WSM2, where economic development 
counted 90% in the inequality calculation. However, air quality 
inequality has not received a substantial attention in China. When we 
used WSM3, in which economic development only counted 10% in the 
inequality calculation, Hebei, Xinjiang and Shandong (Table 1 and 
Fig. 7) exhibited high inequality. Generally, air quality inequality in 
China was much lower than economic inequality, and its spatial distri-
bution differed from that of economic inequality. PM2:5 air pollution has 
been a severe environmental issue that has accompanied rapid economic 
development in China. It is widely accepted by most Chinese that cities 
Fig. 6. Gini coefficients measured by WSM scores and distances to Oline for four selected provinces in 2015: (a) Guangdong, (b) Hebei, (c) Hubei, and (d) Zhejiang.  
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with high economic development are likely to suffer from severe PM2:5 
air pollution, a view that is supported in the literature (Hao and Liu, 
2016). Because of the tradeoff between economic development and air 
quality, the condition tends to be equitable when these two aspects are 
considered in China. However, certain cities, such as Hebei, Xinjiang 
and Shandong (Fig. 7), suffer from high inequality when PM2:5 air 
quality and economic development are considered. In contrast, coastal 
provinces tended to display low inequality when PM2:5 air quality and 
economic development were simultaneously considered. These results 
are significant for workers in China when choosing their employment 
locations, a choice of substantial importance for a country in which a 
large amount of domestic migration occurs (Willmore et al., 2012). In 
addition, if it can discern locations with high inequality, the Chinese 
government can pay closer attention to such locations in relevant policy 
making. Moreover, an awareness of optimal conditions with respect to 
PM2:5 air quality and economic development can help the government or 
decision makers learn from the optimal cities. 
Last, the proposed method is open-ended. Thus, it can be extended to 
incorporate more aspects of inequality and can more scientifically and 
robustly assess the inequality of various administrative districts while 
determining reasonable goals for low-ranking administrative districts. 
Clearly, this approach has substantial potential to be integrated into 
decision-making that concerns regional inequality. The research has 
several limitations. For one, we only considered two objectives in the 
experiments, and the solutions for the Pareto law require further justi-
fication. Additional aspects of social inequality could be integrated into 
a more comprehensive assessment of different administrative districts, a 
topic that will be investigated in future research. Second, our study only 
focused on the inequality of PM2:5 air pollution and economic devel-
opment down to the city level. Future research should be performed on a 
finer spatial scale. Additionally, our study only focused on a 2-year 
inequality evaluation. In the future, a long-term assessment could also 
be conducted. Finally, the integration of our research findings into 
actual policy making represents another future research direction. 
Fig. 7. Provincial spatial distribution of Gini coefficients based on (a) Pareto law in 2015, (b) Pareto law in 2015, (c) WSM2 in 2015, (d) WSM2 in 2016, (e) WSM3 in 
2015, and (f) WSM3 in 2016. 
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